Aims The probability that seeds will be fertilized from self-versus cross-pollen depends strongly on whether plants have self-incompatibility systems, and how these systems influence the fate of pollen tubes. † Methods In this study of breeding systems in Eucalyptus urophylla and Eucalyptus grandis, epifluorescence microscopy was used to study pollen tube growth in styles following self-and cross-pollinations. † Key Results Pollen tubes from self-pollen took significantly longer than those from cross-pollen to grow to the base of the style in both E. urophylla (120 h vs. 96 h) and E. grandis (96 h vs. 72 h). In addition, both species exhibited reduced seed yields following self-pollination compared with cross-pollination. † Conclusions The present observations suggest that, in addition to a late-acting self-incompatibility barrier, cryptic self-incompatibility could be a mechanism responsible for the preferential out-crossing system in these two eucalypt species.
INTRODUCTION
To develop sound breeding strategies it is necessary to understand both the reproductive biology and breeding system of a species (Eldridge and Griffin, 1983) . The breeding system includes, in its broadest sense, all aspects of sex expression which affect the relative genetic contribution to the next generation of individuals (Wyatt, 1983) . Thus an understanding of the breeding system, and the variables that influence it, is essential for a thorough understanding of the ecology, dynamics and long-term viability of populations, and also provides opportunities for commercial exploitation of the species (Ellis and Sedgley, 1992) .
Breeding systems of different Eucalyptus species have been investigated using a variety of methods, including isozyme analysis (Moran and Brown, 1980; Yeh et al., 1983; Fripp et al., 1986) and controlled pollinations (Potts and Savva, 1988) . However, information on comparative growth rates of self-and cross-pollen in the eucalypt pistil is still lacking. Pollen -pistil interactions have been studied in just eight species to date, viz. Eucalyptus morrisbyi (Potts and Savva, 1988) , E. regnans , E. woodwardii (Sedgley, 1989; ), E. spathulata, E. cladocalyx, E. leptophylla (Ellis and Sedgley, 1992) , E. globulus (Pound et al., 2002) and E. nitens (Pound et al., 2003) .
Eucalyptus is considered to have a breeding system that is preferentially out-crossing, although selfing is not uncommon (Griffin et al., 1987; Eldridge et al., 1994) . High out-crossing rates, of between 0 . 69 and 0 . 84, have been found in the genus (Moran and Bell, 1983) and are aided by protandry (Pryor, 1976) and reinforced by selection against the products of self-fertilization in later stages of the life cycle (Potts et al., 1987) . Most species exhibit a marked reduction in seed yield following self-pollination compared with out-crossing (Potts and Savva, 1988; Ellis and Sedgley, 1992) . In fact, there have been reports of more than one self-incompatibility (SI) mechanism operating in a species, which may act at both the pre-and postzygotic levels . The situation is further complicated by the fact that even in the natural situation, few species are completely selfing or outcrossing, and there are many reports of partial or variable self-incompatibility (Sedgley et al., 1990) .
One possible explanation for the variability in outcrossing rates in Eucalyptus is the existence of a system of cryptic self-incompatibility. Cryptic SI usually acts at the stage of pollen tube elongation in the style and leads to faster elongation of cross-pollen tubes relative to selfpollen tubes (Bateman, 1956) . As opposed to complete or absolute self-incompatibility, self-pollination without the presence of competing cross pollen in plants with cryptic SI results in successful fertilization and seed set (Bateman, 1956) . To date, this type of self-incompatibility has never been associated with Eucalyptus.
The aim of the present study was to examine the breeding systems of Eucalyptus urophylla and E. grandis, by using epifluorescence microscopy to study pollen tube growth in the style following controlled self-and cross-pollinations.
MATERIALS AND METHODS

Plant material used in study
The experiments were conducted on mature trees located in clonal (grafted) orchards planted at the Sappi, Shaw Research Centre in KwaZulu-Natal, South Africa. The orchards were situated at 29 829 0 S, 30 811 0 E at 1100 m a.s.l. Breeding populations for all species were made up of open-pollinated families from selections made in the land-race in South Africa and from provenances in the natural range in Australia. Trees were chosen on the basis of floral abundance and accessibility for hand-pollinations. Two genotypes from each species, viz. M1401 and M1413 from E. urophylla, and P1362 and P1369 from E. grandis, were used as maternal parents in the study. Pollen was also collected from these genotypes for use in self-and intraspecific cross-pollinations.
Pollen collection and processing
For pollen extraction, branches containing ripe flower buds were collected and kept in 100-mL bottles containing water to prevent drying out of the branch. To ensure that there was no contamination from other pollen, all open flowers were removed from the branches before being placed in the laboratory overnight. When the operculum had shed and the filaments unfolded, the anthers were excised and left in a desiccator in the presence of silica gel to dry for approx. 48 h at room temperature. When the relative humidity (RH) in the desiccator had reached 10 %, the dried anthers were sieved through a 30-mm mesh to remove debris. The resulting pollen was placed into polypropylene vials, sealed in glass bottles containing silica gel and stored in a freezer at -10 8C until needed.
In vitro germination
Pollen viability was tested under laboratory conditions before use in controlled pollinations. Pollen was left at room temperature and RH for 8 h to rehydrate. In vitro germination was carried out using 30 % (w/v) sucrose, supplemented with 0 . 15 mg L 21 boric acid in a liquid medium (Horsley et al., 2007) . Pollen from each genotype was placed into glass vials containing the in vitro medium (three replications per genotype) and left to incubate in a germination chamber in a completely randomized design for 48 h at 29 8C. After the required time period had elapsed, 5 mL was transferred from the test-tube to a glass slide. Percentage germination was scored using a light microscope (Â100 magnification) to count the number of pollen grains germinated out of a total of 50 grains. Six glass slides per genotype (two slides per test tube) were scored for germination (sub-samples), giving a total of 300 pollen grains counted per treatment. Pollen was deemed to have germinated if the pollen tube length was greater than one-half of the diameter of the pollen grain (Potts and Marsden-Smedley, 1989 ).
Controlled pollination
Pollinations were carried out using two ramets per genotype of each species. The number of flowers suitable for pollination (in terms of accessibility) determined the number of pistil samples that could be fixed for microscopic analysis. This consequently led to differences in sampling time between the different species. Ripe flower buds were emasculated and isolated at anthesis. Each isolation bag enclosed three umbels, with seven flowers per umbel. Treatments were separately isolated, with only one treatment occurring in an isolation bag. Pollen was applied 7 d later, when the stigmas were receptive, and then re-isolated. For E. urophylla, 1600 flowers were pollinated. Pistil samples were then taken at 24, 30, 48, 96, 120, 144 and 216 h after pollination and immediately fixed in formalinacetic acid-alcohol (FAA) solution. For E. grandis, 400 flowers were pollinated and pistil samples taken at 24, 48, 72 and 96 h after pollination. Fixed samples of both species were stored at room temperature until needed. Capsules were also left on the tree for estimation of seed yield.
Seed set
All capsules remaining at maturity (12 months after pollination) were harvested and allowed to dry out in the laboratory and release their seed. The number of viable seeds in each capsule was counted. Seeds were considered viable if they were rounded, solid and dark in colour as opposed to flat and of a light-brown colour (Pound et al., 2002) . Seed-set data was used to determine the level of selfincompatibility in each species from the following formula:
where ISI ¼ index of self-incompatibility, V c ¼ viable seed per flower cross-pollinated and V s ¼ viable seed per flower self-pollinated (Pound et al., 2002) .
Sample preparation for epifluorescence microscopy
For each species, eight pistils from each treatment and time interval were studied. Fixative was removed from the pistil samples by rinsing with tap water. The styles were then excised from the buds and left to soften in 4 N NaOH for either 48 h (E. grandis) or 72 h (E. urophylla). After the required time period had elapsed, NaOH was replaced with tap water and samples left for 60 min to rinse. Samples were then placed in analine blue -0 . 1 N K 3 PO 4 to stain overnight. The next day, samples were mounted with a drop of glycerol onto glass slides and viewed under UV light. Pollen tubes were studied at five levels in the pistil, viz. stigma surface (0 % style penetration), upper style (25 % style penetration), middle style (50 % style penetration), lower style (75 % style penetration) and base of style (100 % style penetration). The data were summarized as the number of samples per treatment in which pollen tubes had successfully penetrated to the five different regions of the pistil.
Statistical analysis
To test for differences in self-and cross-pollen tube growth in the pistil, analysis of covariance using SPSS Version 13 . 0 was used to establish the statistical significance of observed differences between treatments within each species, with 'number of samples with pollen tubes at the base of the style' as the dependent variable and time as a covariate. A count of pollen tubes at various regions of the style was not possible as pollen tubes were too close to each other to be identified individually. As it was common for more than one capsule to be harvested from within a pollination bag, the mean number of seeds set per flower pollinated was calculated for each bag, and these values were analysed using t-tests. Observed differences between the percentages of capsules set after selfvs. cross-pollinations were compared using G-tests. Pollen viability data were angular transformed prior to analysis of variance and Tukey tests.
RESULTS
In vitro germination
Significant genotypic differences with respect to in vitro pollen tube growth were displayed by both species (Appendix). Of all the genotypes, E. grandis P1369 had the highest pollen germination (76 + 2 . 52 %), while E. grandis P1362 had the lowest (19 + 2 . 96 %). For E. urophylla, genotype M1413 pollen had higher in vitro germination (69 + 3 . 18) than M1401 pollen (35 + 0 . 33).
Seed set following controlled pollinations
Capsule retention following cross-pollination was greater than that following self-pollination in E. urophylla (64 vs. 37 % capsule set), while the opposite occurred in E. grandis (6 vs. 11 % capsule set). However, in both species crosspollination produced more seeds per flower pollinated compared with self-pollination (Table 1 ). These differences in average number of seeds per flower were significant in E. urophylla. However, seed yields for E. grandis could not be analysed statistically due to insufficient replication of individual plants. Of the two species, E. urophylla was slightly more self-incompatible (62 . 5 %) compared with E. grandis (46 %).
In vivo pollen tube growth Significant differences in the growth rate of self-and cross-pollen tubes were observed in Eucalyptus urophylla (Table 2) , with self-pollen tubes taking approx. 120 h to penetrate 100 % of the style, compared with 96 h taken by cross-pollen tubes (Fig. 1A) . Self-pollen tubes of E. grandis also showed a slower rate of growth in the style (Table 3) , taking 96 h to reach 100 % of the style, compared with the 72 h taken by cross-pollen tubes (Fig. 1B) . In addition to the reduced rate of growth, 
FIG. 1. Comparison of in vivo pollen tube growth after controlled self-and cross-pollinations in (A) Eucalyptus urophylla and (B) Eucalyptus grandis.
Cross-pollinations were performed within each species (intraspecific).
observed pollen tube abnormalities (such as twisting) were increased following selfing in both species ( Fig. 2A) , although this was not quantified.
DISCUSSION
For the species in the present study, no evidence of selfincompatibility was found at the stage of pollen adhesion and germination in the stigmatic exudate. The expression of SI occurred as pollen tubes grew down the style and resulted in a reduction in the pollen tube growth rate following self-pollinations, relative to those following crosspollinations. This self-pollen tube growth retardation is suggested to be a form of cryptic SI and is in agreement with many reports of SI in the Solanaceae (McGuire and , 1954; Hardon, 1967; Ascher, 1976) . While this phenomenon has been investigated in several wild plant species (Bateman, 1956; Waser et al., 1987; Aizen et al., 1990) , no evidence of selective stylar inhibition of pollentube growth has been presented in any of the eucalypt species studied to date. To the authors' knowledge, this is the first study to suggest cryptic SI in Eucalyptus. Direct measurement of pollen-tube growth in Amsinckia grandiflora (Weller and Ornduff, 1989) , Erythronium grandiflorum (Cruzan, 1989) and Delphinium nelsonii (Waser et al., 1987) have also shown differences in pollen tube growth rate between self and cross pollen. As appears to be the case for E. urophylla and E. grandis, these species can be considered cryptically self-incompatible because growth of incompatible pollen tubes was slower than that of compatible ones, rather than being completely inhibited. Recent studies have shown that there may be more plasticity in the growth of self-pollen tubes than has previously been appreciated (Stephenson et al., 2003; Travers et al., 2004) . In studies on Solanum carolinense, Stephenson et al. (2003) showed that self-pollen tube growth was arrested when cross-pollen was available, but when crosspollen was scarce, the growth of self-pollen tubes (and hence the strength of SI) became a quantitative trait that varied among individuals. Stephenson et al. (2003) and Travers et al. (2004) have subsequently suggested that the plasticity in SI systems be viewed as a mechanism that promotes out-crossing by modulating the intensity with which it handicaps the growth of self pollen.
Rick
Late-acting self-incompatibility in E. urophylla and E. grandis also seems likely on account of the low number of seeds set following self-pollination relative to the number of self-pollen tubes in the style ( pollen tubes were so abundant that they could not be quantified). Pound et al. (2003) came to the same conclusion in their study on E. nitens, where, as in the present study, seed yields were reduced following self-pollinations even though both self-and cross-pollen tubes had grown down the style. Since most self-fertilized E. nitens ovules had begun to degenerate within the first few weeks following pollination instead of being spread over the entire seed development time, Pound et al. (2003) suggested that ovule breakdown was a self-incompatibility response. At present it is difficult to experimentally determine which system is operating within a species. Seavey and Bawa (1986) suggest that uniform ovule abortions may indicate a self-incompatibility response whereas ovule abortions occurring at various stages of embryo development would be indicative of inbreeding depression. However, Waser and Price (1991) question whether inbreeding depression could account for very high levels of ovule abortion.
A potential drawback of the present study is that singledonor pollinations, as opposed to mixed-pollinations, were used to study differences in pollen tube growth rate. The reason for utilizing single-donor pollinations was to avoid the difficulty in distinguishing respective self-and cross-pollen tubes in the style after mixed-pollinations. The sources of pollen included in mixtures could additionally confound breeding system observations, where differences in pollen tube growth rate could be due to differing pollen viability and pollen-pollen interactions (Waser et al., 1987) . In a follow-up study, microsatellite markers will be used to distinguish the contribution of selfand cross-pollen to seed set after both single-and mixeddonor pollinations are performed on Eucalyptus grandis. Pollen viability will be used to determine the proportion of each pollen source when making up pollen mixtures.
